Rationale Differences in sensitivity to the prepulse inhibition (PPI)-disruptive effects of D2-family agonists in Sprague-Dawley (SD) vs. Long Evans (LE) rats are heritable, reflect differential activation of DA signaling in the nucleus accumbens (NAC), and are associated with differences in expression of specific NAC genes. These differences may inform us about the biology of PPI deficits in disorders such as schizophrenia. Objectives After confirming these strain-based PPI differences, we measured expression of four genes in NAC and other regions that regulate PPI: medial prefrontal cortex and ventral hippocampus (VH). Methods Startle and PPI were assessed in SD and LE rats administered D-amphetamine (0 vs. 4.5 mg/kg, sc). Two weeks later, brain tissue was processed for comt, nrg1, grid2, and csnk1e expression; blood comt expression was also tested.
Introduction
"Prepulse inhibition" (PPI) is the suppression of the startle reflex when the startling stimulus is preceded by a weak prestimulus (Graham 1975) . While the startle-inhibiting effect of the prepulse is mediated in the pons, the forebrain regulates pontine inhibitory "tone" to determine the degree to which the prepulse inhibits the reflex (cf. Swerdlow et al. 2001a) . In rats, dopamine (DA) regulates PPI predominantly via D2 receptor activation in the forebrain, including the nucleus accumbens (NAC), and the resulting reduction in GABAergic release "downstream" in the ventral pallidum and elsewhere (Qu et al. 2009; cf. Swerdlow et al. 2001a ).
Changes in NAC D2-linked G-protein signaling appear to mediate the impact of DA agonists on PPI (Swerdlow et al. 2006a (Swerdlow et al. , 2011a . Studies are explicating the molecular genetics of PPI as a vehicle to understand the genetics of PPI deficits in human brain disorders, including schizophrenia (Braff et al. 1978; Greenwood et al. 2011 Greenwood et al. , 2012 .
PPI is highly heritable (Anokhin et al. 2003) . PPI deficits in Huntington's Disease, 22q11 deletion, or fragile-X syndromes, and corresponding animal models (Swerdlow et al. 1995b; Frankland et al. 2004; Sobin et al. 2005) suggest that genes affected in these disorders modify brain circuitry that regulates PPI. Genes also regulate levels of PPI in healthy individuals. For example, within the Val158Met polymorphism of catechol-O-methyltransferase (COMT), the high COMT activity-conferring Val/Val allele is associated with low PPI levels, and the Met/Met allele with high PPI levels, in both healthy individuals and schizophrenia patients (Roussos et al. 2008; Quednow et al. 2010) .
In rodents, PPI is heritable, as is sensitivity to DAergic regulation (Swerdlow et al. 2004c ). Heritable differences in PPI sensitivity to DAergic manipulations may help us identify neural and genetic determinants of the DAergic regulation of sensorimotor gating. To the degree that there is convergence across species in the biology of PPI, these determinants might also contribute to differences in DAlinked PPI phenotypes in humans, including reduced PPI under conditions of DA dysregulation.
Based on this reasoning, we tested PPI DA agonist sensitivity in inbred and outbred rat strains from different vendors and facilities (e.g., Swerdlow et al. 2001b Swerdlow et al. , 2004b and determined that sensitivity of PPI to DA agonists in Sprague-Dawley (SD) rats was significantly different than that in hooded Long Evans (LE) rats. The stability of this phenotype was intact through >15 years of breeding stock (Swerdlow et al. 2001) , with Mendelian patterns of inheritance in F1 and N2 generations that could not be explained by strain differences in maternal behavior (Swerdlow et al. 2004a, c) or regional drug levels (Swerdlow et al. 2002) . Strain-related differences in PPI sensitivity to DA agonists were significantly associated with levels of D2-linked GTPγS binding (Swerdlow et al. 2006a ) and reduced CREB-phosphorylation in the NAC core (Swerdlow et al. 2011a) ; they were evident from the earliest testable age (day 16) and were neurochemically specific (Swerdlow et al. 2003a ). We reported highly significant differences in expression of specific NAC genes in SD vs. LE rats (Shilling et al. 2008 ), a disproportionate number of which contribute to DA signaling (p<10 −5 ), synaptic long-term potentiation (p<10 −11 ), or inositol phosphate metabolism (p<10 −14 ); the expression of many genes in these pathways correlated significantly with PPI sensitivity to DA agonists in SD or LE rats. Furthermore, PPI-related endophenotypes in schizophrenia probands and normals in two separate samples (Greenwood et al. 2011 (Greenwood et al. , 2012 were significantly associated with many genes that also differed in NAC expression in SD vs. LE rats, including several associated with DAergic and glutamatergic function, such as COMT, NRG1, and GRID2 (Shilling et al. 2008 ). This study extended this convergent/translational approach in several new ways. First, we measured expression levels of four genes, three of which (comt, neuregulin (nrg1) and glutamate receptor, ionotropic, delta 2 (grid2)) exhibit: (1) differences in SD vs. LE rats (Shilling et al. 2008) ; (2) associations with PPI-related phenotypes in humans (Greenwood et al. 2011 (Greenwood et al. , 2012 ; or (3) both. Second, while our previous gene expression study tested the phenotype of apomorphine-disrupted PPI (Shilling et al. 2008) , this study instead utilized the indirect DA agonist, D-amphetamine (AMPH), to provide convergence with studies of the genetic regulation of AMPH-disrupted PPI in humans (Talledo et al. 2009 ). We previously reported heritable patterns of PPI AMPH sensitivity in SD and LE rats and their F1 and N2 offspring (Swerdlow et al. 2003a ). Based on this change, we also examined expression of casein kinase 1 epsilon (csnk1e), which is associated with sensitivity to AMPH effects in mice and humans (Palmer et al. 2005; VeenstraVanderWeele et al. 2006 ). Third, this study examined gene expression within two brain regions that regulate PPI and are implicated in the pathophysiology of schizophreniamedial prefrontal cortex (mPFC) and ventral hippocampus (VH)-in addition to the NAC. This enabled us to examine correlated expression of PPI-relevant genes across key nodes of functionally and anatomically interconnected fronto-limbic-striatal circuitry. Fourth, this study included male and female rats, based on known similarities and differences in PPI and its AMPH-sensitivity across sexes (Swerdlow et al. 1993 (Swerdlow et al. , 2003b Talledo et al. 2009 ). Lastly, this study examined the relationship between peripheral and central expression of comt, which was previously found to show the strongest SD vs. LE strain difference in NAC expression levels (Shilling et al. 2008 ).
Methods and materials
Sixteen SD and 16 LE rats (M/F01:1; 229-250/175-199 g) (Harlan Laboratories, Livermore, California) were housed and handled as in past reports (e.g., Shilling et al. 2008) . All studies were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the UCSD Animal Subjects Committee (protocol #S01221).
PPI testing Startle chambers (SR-LAB; San Diego Instruments, San Diego, CA) were in a sound-attenuated room (60 dB(A) ambient noise). A brief startle session was used to form balanced drug groups according to average percent PPI. Testing began 7 days later. Rats received either AMPH (4.5 mg/kg, sc) or saline vehicle 5 min before testing. This active dose of AMPH produces the two critical strainspecific "phenotypes": PPI-enhancing effects of AMPH at short (30 ms) prepulse intervals in LE rats and PPIdisruptive effects of AMPH at long (120 ms) prepulse intervals in SD rats (Talledo et al. 2009 ); full dose-response effects of AMPH on long-interval PPI in SD and LE rats are found in Swerdlow et al. (2003a Swerdlow et al. ( , 2007 . Test sessions were as in Shilling et al. (2008) . Testing was repeated 5 days later with AMPH dose reversed and treatment order balanced within and between strains.
Gene expression A 14-day interval was used to ensure both drug washout and diminished acute stress effects resulting from startle testing. Thus, this study compared basal gene expression in SD vs. LE strains and not drug-induced gene activation patterns. Fourteen days after PPI testing, rat brains were removed and placed in ice-cold saline for 30 s. Coronal tissue slabs were cut with a wire tissue slicer, and the NAC, mPFC, and VH were removed bilaterally with either a tissue punch or free-hand razor dissection. Each bilateral tissue sample was placed in an RNAse-free tube and snap-frozen in liquid nitrogen. Simultaneously, 500 uL of trunk blood was collected in a RNAprotect Animal blood tube (Qiagen, 76554), inverted, and remained at room temperature for 2 h, stored at 20°C until RNA extraction. In this process, all utensils were cleaned in between each rat brain dissection with RNAlater (QIAGEN, Inc, Valencia, CA). One region (VH) from one rat was not retrieved.
Reverse transcription polymerase chain reaction Total RNA was isolated from brain tissue using an RNeasy Mini kit (QIAGEN, Valencia, CA 91355) or from blood using RNeasy protect Animal Blood kit (QIAGEN) and protocols followed as per manufacturer (QIAGEN). Samples were spot-checked for quality using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), which provides a RNA Integrity Number (RIN). An RIN>7.0 indicates good quality RNA; the RIN for all samples analyzed was >8.50. To measure RNA concentration, the optical density of 1.5 μL of total RNA at 260 nm was measured in a spectrophotometer (NanoDrop, ND-1000, NanoDrop Technologies, Wilmington, DE). Equal amounts of RNA/sample were used to make cDNA after DNase treatment. Firststrand cDNA was synthesized using qScript™ cDNA SuperMix as per manufacturer (Quanta Biosciences, Gaithersburg, MD). Real-time reverse transcription polymerase chain reaction (RT-PCR) was performed using Applied Biosystems' TaqMan Gene Expression Assays in an Applied Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). Each 20-μL RT-PCR reaction contained 10 μL of 2× Universal PCR Master Mix, 1 μL of primer/ probe mix (900 nM/250 nM final concentration), 4 μL of nuclease-free water, and 5 μL of cDNA template (40 ng). Reactions were performed in MicroAmp Optical 384-well reaction plates (Applied Biosystems) as per manufacturer. Genes and assay ID numbers (Applied Biosystems) included: comt rn00561037_m1; nrg1 rn01482165_m1; grid2 r n 0 0 5 1 5 0 5 3 _ m 1 ; c s n k 1 e r n 0 0 5 8 11 3 0 _ m 1 ; a n d glyceraldehyde 3-phosphate dehydrogenase (GAPDH) rn01775763_g1. Assays were performed in duplicate. Data were analyzed using SDS 2.3 software from Applied Biosystems. Amplification efficiencies were validated and relative quantitation calculated after normalization to the rat GAPDH reference gene. Fold change (FC) values for all genes were calculated relative to levels within a single rat, to which FC values of 1.0 were assigned.
Statistical analyses PPI was calculated as in Shilling et al. (2008) and analyzed by analysis of variance (ANOVA) with strain and sex as between factors and drug and prepulse interval as within factors. A measure of the magnitude of the AMPH effect (mean PPI (vehicle) minus mean PPI (AMPH)) was also used for strain comparisons; this value effectively detects differences in PPI drug sensitivity (Swerdlow et al. 2004c; Shilling et al. 2008) . The 30-and 120-ms prepulse intervals were selected a priori for strain comparisons, and for correlational analyses, because these intervals are characterized by the most robust SD vs. LE differences in DA agonist sensitivity (LE being most sensitive to PPI-enhancing effects of DA agonists at 30 ms and SD most sensitive to PPI-reducing effects of DA agonists at 120 ms) (Swerdlow et al. 2004a; Shilling et al. 2008; Talledo et al. 2009 ).
Gene expression data (FC) were analyzed several ways. For each gene, a repeated-measures ANOVA was conducted with brain region as a within-subject factor and strain and sex as between-subject factors. Because robust and significant sex differences (but not sex×strain interactions) were detected in much of the expression data, pooling data from both sexes for unpaired t tests would obscure strain effects on gene expression levels. For this reason, separate post hoc comparisons assessed strain differences in each of the three brain regions, using one-factor ANOVAs, with strain and sex as between-subject factors, and alpha adjusted to 0.0167 for comparisons performed in the three brain regions. Correlations among the four genes within one brain region and among each gene across the three brain regions (and trunk blood, for comt) were examined via simple regressions. Lastly, structural equation modeling (SEM; Bollen 1989) was used in exploratory analyses via Mplus software v. 6.12 (Muthén and Muthén 1998) . SEM can simultaneously estimate both a measurement model (confirmatory factor analysis) and a structural model (path/regression analyses) and can specify latent variables that reflect unmeasured constructs estimated by measured variables. Given the sample size, goodness of model fit was determined by specific guidelines->0.90 by the Comparative Fit Index (CFI) (Bentler 1990 ); <0.08 by the standardized root mean residual (SRMR) (Hu and Bentler 1999) ; and a non-significant chi-square test of model fit.
Results
Behavior PPI data are displayed in Fig. 1 . Analysis of variance of percent PPI revealed the expected interaction of AMPH dose×strain×trial type (F02.70; df, 4,112; p< 0.04), as well as a significant interaction of AMPH dose× sex×trial type (F04.27; df, 4,112; p<0.005). There were expected significant effects of trial type and AMPH dose× trial type (p's<0.0001), and trial type×strain (p<0.007), but no other informative main or interaction effects. Inspection of the data confirmed the expected pattern of greater AMPH-enhanced PPI at short prepulse intervals in LE rats (e.g., Fig. 1 , compare data within ovals: ANOVA of AMPH effect at 30-ms intervals; main effect of strain-F08.20; df, 1,30; p<0.008), and greater AMPH-disrupted PPI at long prepulse intervals in SD rats (e.g., Fig. 1 , compare data within rectangles-ANOVA of AMPH effect at 120-ms intervals; main effect of strain-F06.99; df, 1,30; p<0.015). These two AMPH effects were significantly correlated (r0 0.41, p<0.025). The significant three-way interaction of AMPH dose×sex×trial type reflected the fact that, compared with female rats, males tended to be both more sensitive to the PPI-enhancing effects of AMPH at 30-ms intervals (d00.65) and more sensitive to the PPI-reducing effects of AMPH at 120-ms intervals (d00.40), but neither of these effects independently reached statistical significance.
Analysis of startle magnitude on PULSE trials ( Fig. 1 , inset) revealed a significant effect of AMPH dose (F05.92; df, 1,28; p<0.025) and significant interactions of AMPH dose×strain (F012.63; df, 1,28; p<0.002), AMPH dose× sex (F012.10; df, 1,28; p<0.002), and dose×strain×sex (F 08.73; df, 1,28; p < 0.007). Post hoc comparisons revealed that AMPH significantly increased startle magnitude only in male LE rats, while its effect in SD and female LE rats was either null or to minimally reduce startle magnitude. Additional analyses (see Electronic supplementary materials) confirmed that AMPH effects on PA amplitude did not interact with its strain-and interval-specific effects on PPI.
Gene expression Regional levels of gene expression in the NAC, mPFC, and VH, and blood levels of comt expression are seen in Fig. 2 . ANOVAs were conducted for each gene, across the three brain regions, and for each brain region, across the four genes. F values for main effects, statistically significant p values, and detailed analyses of interaction effects are found in Electronic supplementary material Table 3 . Among the four individual genes, ANOVAs revealed differential expression patterns across brain regions, some of which were strain-and/or sex-dependent.
Analyses of gene expression within each brain region revealed differential levels of expression of the four genes, Fig. 1 Startle phenotypes of SD vs. LE rats in the present study. Bottom: percent PPI over prepulse intervals of 10-120 ms in SD (left) and LE (right) rats after administration of saline vehicle (open circles) or AMPH (4.5 mg/kg, sc; filled circles). Oval highlights PPI-enhancing effects of AMPH with 30-ms prepulse intervals in LE (#), but not SD rats. Rectangle highlights greater PPI-disruptive effects of AMPH with 120-ms prepulse intervals in SD vs. LE rats (*). Inset shows startle magnitude on pulse-alone trials during PPI testing, with significant startle-potentiating effects detected only in male LE rats (*) some of which were strain-and/or sex-dependent. In the NAC, ANOVA of gene expression levels revealed significant effects of strain (LE>SD; p00.0005) and sex (F>M; p<0.0001); there were significant differences in overall expression levels among the four genes (p<0.0001), and significant interactions of gene × strain (p < 0.0001) and gene×sex (p<0.0001), but no significant interaction of gene x strain x sex. Among the 4 genes (csnk1e, grid2, nrg1, and comt), all exhibited the same pattern of greater expression in LE vs. SD (p's<0.0161, 0.0002, 0.0001 and 0.009, respectively) and in female vs. male rats. In the mPFC, ANOVA revealed a significant effect of strain (LE>SD; p<0.009) and gene (p<0.0001), and a significant interaction of gene x strain (p<0.0009). Among the 4 genes, LE>SD differences were greatest for nrg1 (p<0.0001), and least for csnk1e (ns), with intermediate differences noted for grid2 (p<0.022, exceeding the adjusted alpha of 0.0167) and comt (p< 0.011). In the VH, ANOVA revealed a significant effect of strain (LE > SD; p < 0.0003) and gene (p < 0.0001), and significant interactions of gene x strain (p<0.0001) and gene x sex (p<0.0001), but no significant interaction of gene× strain×sex. Among the four genes, LE>SD strain differences were evident for csnk1e (p < 0.0004), nrg1 (p < 0.0001), and comt (p<0.0002). Opposite patterns of sex differences in gene expression were noted for nrg1 (M>F) and comt (F>M).
Blood levels of comt expression exhibited significant effects of strain (LE>SD; p<0.0001) and sex (M>F; p< 0.05); the sex difference reflected M>F comt expression in SD and not LE rats (Fig. 2e) .
Correlations among levels of gene expression We next examined correlations of gene expression levels across the three brain regions (Table 1) . Almost all observed correlations were positive, i.e., greater expression of one gene was generally associated with greater expression of another gene, and no "negative correlations" reached statistical significance. Based on a conservative value of corrected alpha (p <0.001; approximate value of alpha corrected for 61 possible contrasts), numerous significant correlations were Fig. 2 Relative levels of expression (fold change) of csnk1e (a), grid2 (b), nrg1 (c), and comt (d) in the NAC, VH, and mPFC, in male and female SD (open bars) and LE (solid bars) rats. e Shows comt expression levels in blood. Patterns of strain-and sex-differences differed across genes and brain regions, as described in the text, with a predominant pattern of LE>SD and female>male expression (level of LE>SD expression within each brain region marked as: *, **, ***, ****0p<0.05, 0.01, 0.001, and 0.0001, respectively). Levels of significance for sex differences are as follows: csnk1e and grid2, F> M, NAC (p <0.0001); nrg1, F >M NAC (p <0.0002), and M>F VH (p<0.002); comt, F>M NAC (p<0.0001) and VH (p<0.0002), and M>F blood (p<0.05) This was particularly common with VH comt expression levels, which exhibited robust correlations with the NAC and mPFC expression of csnk1e (r's00.50-0.55), grid2 (r's00.57-0.59), and nrg1 (r's00.58-0.66).
As noted above, the observed robust differences in gene expression levels generally favored LE over SD rats, and for the NAC, generally favored female over male rats. Thus, it is possible that some or all significant positive correlations among gene expression levels simply reflected the fact that, within the overall sample, there were subgroups of rats that always had low levels of gene expression, and other subgroups that always had high levels of gene expression. In other words, these correlations might reflect characteristics of this sample population (generally, LE>SD, female>male), rather than the characteristics of the genes per se. For the more robust correlations of gene expression within any given brain region, this did not seem to be the case. For example, within the NAC, levels of cnsk1e expression correlated significantly with levels of grid2 expression, not only for the overall group (r00.94) but also for subgroups limited to SD rats (r00.95) or LE rats (r00.95), or male rats (r00.85) or female rats (r00.91) (Fig. 4a-d) . However, correlated expression levels of specific genes across different brain regions did appear to reflect the distributional impact of the several different subgroups, rather than characteristics of the genes per se. For example, the relatively robust correlations of nrg1 expression levels across the NAC and mPFC for the overall population (r00.45, p<0.05) were not reproduced in separate analyses limited to LE rats (r 00.20) or SD rats (r0−0.07) (Fig. 4e) . Furthermore, in some cases, the admixture of both strains and sexes into a single regression analysis obscured strain-and sex-differences in these correlations. For example, the highly significant correlation of comt expression levels in the mPFC and NAC in the Fig. 3 Simple regression plots for correlations among expression levels of csnk1e, grid2, nrg1, and comt in the NAC. These correlations typify the pattern also detected in the VH and mPFC, as described in the text, of highly correlated expression levels of the four genes within any given brain region overall population (r00.66, p<0.0001) reflected a robust relationship among LE rats (r00.61) and particularly LE females (r00.90) but not in SD rats (r00.16), especially SD females (r0−0.08).
Expression levels of comt in blood did not correlate significantly with expression of comt in any brain region but did correlate significantly with nrg1 expression in the VH (p<0.0001) and modestly with csnk1e expression in the VH (p<0.01). Table 1 shows that gene expression across all genes and regions was remarkably inter-correlated. Most notable, comt expression, particularly in the mPFC and VH (see enclosed area in Table 1 ), appeared to serve as a "nexus" for all other expression levels. Given the relatively small sample size, a qualitative scheme for assessing "networks" of gene expression, across brain regions and genes, was pursued, based on detected bivariate "r" values (Fig. 5) .
Relationships among behavioral and gene expression data
Correlations between regional gene expression levels and AMPH effects on PPI at 30-and 120-ms intervals, and on startle magnitude, are seen in Table 1 . AMPH effects on both PPI at 30 ms and on startle magnitude correlated significantly with nrg1 expression in the VH (r0−0.47, p<0.009 and r00.48, p<0.007, respectively) and with comt expression in blood (r 0−0.62, p < 0.0001 and r 00.54, p < 0.002, respectively). AMPH effects on PPI at 120 ms correlated significantly only with nrg1 expression in the NAC (r 0−0.38, p < 0.035). Baseline (vehicle) levels of PPI exhibited relatively weak and interval-dependent correlations with regional levels of gene expression (Table 1) . However, averaged across the three brain regions, levels of comt expression correlated modestly with mean PPI levels (r00.39, p<0.035), while levels of nrg1 expression correlated modestly with PPI at 60 (r00.44, p<0.015) and 120-ms intervals (r00.36, p<0.05).
We next used a two-step SEM procedure, whereby a measurement model is estimated first and then integrated with the structural model. Our a priori hypotheses (which served as the basis for selecting these structures for analysis) and preliminary bivariate correlations led to the prediction that the measured levels of gene expression would reflect latent factors specific to each brain region examined (NAC, mPFC, VH). Separate measurement models for the NAC (χ 2 (2)05.75, p00.06; CFI00.98; SRMR00.01) and mPFC (χ 2 (2)01.13, p00.57; CFI01.00; SRMR00.01) showed excellent fit to the data with standardized factor loadings between 0.89 and 0.98 (Fig. 6) ; a similar model for gene expression levels in the VH did not converge on a valid model solution, likely due to sample size limitations. Subsequent models combined these two measurement models (both separately and together) with a simple structural Fig. 4 Correlations of expression levels of NAC csnk1e and NAC grid2, divided by strain and sex (a-d), showing that the robust correlation within one brain region across the entire sample (shown in Fig. 3 ) is maintained among each of these four subgroups. In contrast, in the few instances of significantly correlated expression levels across different brain regions (e.g., e, nrg1 expression in NAC vs. mPFC, r00.45), these appeared appear reflect the distributional impact of the different subgroups and were not reproduced in separate analyses limited to LE rats (filled circles; r00.20) or SD rats (open circles; r0−0.07) model (regression paths on the outcomes of AMPH effect at 30 and 120 ms). The only significant impact of either latent variable on outcomes was found for the NAC factor on AMPH effect at 120 ms; in the final combined model with mPFC, this effect was significant (B0−0.38, p<0.05) even though model fit had weakened (χ 2 (2)053.2, p<0.001; CFI00.92; SRMR00.04).
Discussion
These data reproduce and extend the previously detected phenotypes of greater PPI-disruptive effects of DA agonists in SD vs. LE rats at relatively long prepulse intervals and greater PPI-enhancing effects of DA agonists at relatively shorter prepulse intervals. We previously reported this Width of each line reflects the regression coefficient, with level of statistical significant indicated with asterisks. As described in the text, expression levels of different genes were highly correlated within any single brain region (top), while correlations of any specific gene across different brain regions were modest or not statistically significant (bottom) pattern with the direct DA agonist, apomorphine, in tests with male and female rats (Swerdlow et al. 2004a; Shilling et al. 2008) , and with the indirect DA agonist, AMPH, in tests with female rats (Talledo et al. 2009 ). Here, the effect with AMPH was detected in a sample including males and females.
Using a microarray platform (Shilling et al. 2008) , we reported significant LE>SD expression of nrg1 and comt in the NAC of male rats; in that study, we also detected but did not report moderate levels of grid2 expression in the NAC, and significantly greater NAC grid2 expression levels in LE vs. SD rats (FC01.21, p<0.0007, unpublished data). These NAC patterns with nrg1, comt, and grid2 were replicated in the present experiment and extended to include expression levels of csnk1e, a gene known to be associated with sensitivity to AMPH effects in both rodents and humans (Palmer et al. 2005; Veenstra-VanderWeele et al. 2006) . Strain differences (LE>SD) for csnk1e were also detected in the VH; for grid2, they were detected in the mPFC, and for nrg1 and comt, they were also detected in the VH and mPFC. In all cases where strain differences in gene expression were detected, levels in LE rats exceeded those in SD rats. Sex differences (F>M) in the expression of these four genes in the NAC, and of nrg1 (M>F) and comt (F>M) in the VH, were also detected. Strain and sex had independent (noninteracting) effects on the expression of these four genes across these three brain regions.
Expression levels in multiple genes across multiple brain regions were highly inter-related (Table 1) . Using an uncorrected alpha level (p<0.05), statistical significance was reached in 45 out of the total 66 possible correlations of brain regional expression levels. Within any rat, the expression of different genes in the same brain region was more alike than was the expression of the same gene in different brain regions. Thus, expression levels of the four genes were highly correlated within each brain region (p's generally <0.0001), and these correlations were not a reflection of the admixture of different expression levels across groups differing in strain and/or sex. Perhaps the most parsimonious explanation for these highly correlated levels of expression is that expression of these genes is dependent on levels of cellular or metabolic activity within any given brain region. To the degree that this is true, one might predict that the expression of specific genes, particularly ones all related in some way to common sets of biological functions (e.g., DAergic or glutamatergic activity), might be strongly correlated based on their connection to a common determinant (e.g., level of activity in the NAC). In truth, however, each of these brain regions contains a large number of different cell types, each of which expresses different genes (and hence different proteins), and the overall "activity" of each structure reflects complex cellular interactions that would not necessarily be predicted to result in highly correlated activity among the many genes expressed by these cells. Thus, while "activity-dependent gene expression" might seem to be a parsimonious "first pass" explanation for the observed highly correlated levels of gene expression, it remains a hypothesis in search of supportive data. Interestingly, highly correlated levels of gene expression within one brain region (in this case, the PFC) have been reported in human post-mortem tissue (Colantuoni et al. 2011) .
By contrast, relatively weaker correlations were detected for the expression of any single gene across brain regions (e.g., comt expression in the VH and mPFC) and between expression levels of one gene in one brain region and a second gene in a second brain region (e.g., VH expression of csnk1e vs. mPFC expression of comt, and mPFC expression of csnk1e vs. VH expression of comt). Even to the extent that such correlations achieved statistical significance, these weaker relationships appeared to largely reflect an "artifact" of the influence of the admixture of different sample subgroups.
Results from the structural equation model further elucidate the relations among levels of gene expression. Despite the small sample size, measurement models provided evidence for a latent factor in both the NAC and mPFC (a similar model could not be estimated for VH); in other words, the variance among the four observed gene expression levels within both the NAC and mPFC suggest they can each be accounted for by a higher-order unobserved latent variable. In the combined model, the latent factor of NAC (with factor loadings on the four gene levels measured in that region) was negatively related to the 120 ms AMPH effect (i.e., higher levels of NAC expression predicted lower levels of 120 ms AMPH effect), whereas the latent factor of mPFC did not predict this outcome. There was significant residual covariance between these two latent factors, suggesting higher levels of expression in NAC were associated with higher levels of expression in the mPFC; however, only levels of gene expression in the NAC were significantly related to the 120 ms AMPH effect.
While numerous previous reports have suggested that the NAC, mPFC, and other brain regions participate independently in the DAergic regulation of PPI (cf. Swerdlow et al. 2008) , the present findings suggest that, in the intact rat-as it relates to the four genes and three regions studied hereonly the levels of expression in the NAC are associated with the sensitivity of PPI to the disruptive effects of AMPH. Functional interactions between mPFC and NAC have been demonstrated previously using disconnection (e.g., Christakou et al. 2004 ) and other techniques; such an interaction was not detected in relationship to the expression of these four genes and PPI AMPH sensitivity. Notably, SEM also did not detect a contribution of the VH to this circuit, despite evidence that VH regulates PPI, at least in part via interactions with the mPFC (cf. Swerdlow et al. 2008) . Clearly, many substrates contribute to the regulation of PPI that would not necessarily be expected to regulate PPI sensitivity to DA agonists.
Gene expression was not assessed in a "control" brain region, uninvolved in the regulation of PPI, or one not implicated in the pathophysiology of schizophrenia. Thus, we cannot conclude that the observed strain differences are specifically linked by anatomy to either laboratory or clinical phenotypes. In fact, peripheral (blood) comt expression levels also exhibited strain (LE>SD) and sex (male>female) differences, which did not correlate significantly with comt expression levels in any of the three brain regions. The sex pattern detected peripherally differed from that detected in the NAC and VH. The relationship of central vs. peripheral gene expression levels was assessed only with comt and thus does not preclude the possibility that expression levels of other genes in "accessible tissue" might be informative regarding the expression of these genes in brain tissue. However, based solely on these findings with comt, such extrapolation would not appear to be informative.
Specific issues raised by this data set will be addressed for each of the four genes assessed herein:
csnk1e Casein kinase 1 epsilon is a component in the Darpp-32 (dopamine-and-cAMP-regulated-phosphoprotein-32 kDa) second messenger pathway (Cheong and Virshup 2010) . Our finding of increased NAC csnk1e expression in LE vs. SD rats is not easily reconciled with a report (Palmer et al. 2005 ) of increased AMPH sensitivity in selectively bred mice with a tenfold greater expression of csnk1e in the NAC. However, in a more recent report, that group (Bryant et al. 2011) reported findings very consistent with the patterns detected herein: increased AMPH sensitivity in csnk1e knockout mice, and in mice treated acutely with the csnk1e inhibitor, PF-4800567. In our study, lower levels of NAC csnk1e expression were generally associated with greater AMPH sensitivity. For example, we detected greater AMPH-induced decreases in long-interval PPI in SD rats, which had lower levels of NAC csnk1e expression, compared with LE rats. Furthermore, female rats on average had significantly higher levels of NAC csnk1e expression, yet compared with male rats, tended to be less sensitive to AMPH-disrupted PPI at 120-ms intervals, AMPHenhanced PPI at 30-ms intervals, and startle magnitude (male vs. female effect sizes, 0.40, 0.65, and 0.97, respectively) . In humans, G/G variants of the rs135745 singlenucleotide polymorphism (SNP) of the CSNK1E gene are associated with reduced subjective response to d-AMPH (Veenstra-WanderWeele et al. 2006) . We are presently testing the association of CSNK1E with subjective, neurocognitive, and PPI-altering effects of d-AMPH in humans.
grid2 Glutamate receptor delta-2 is an ionotropic glutamate receptor thought to be expressed in mice predominantly in cerebellar Purkinje cells (Doughty et al. 2000) but also detected elsewhere, including pineal glial cells (Yatsushiro et al. 2000) , and its binding proteins are widely distributed in brain and peripheral tissues (Ly et al. 2002) . Functionally, grid2 is thought to regulate apoptosis (Doughty et al. 2000) , AMPA receptor function (Kohda et al. 2003) , and potentially, hippocampal activity (Takatsuki et al. 2005) , and Dserine is reported to act via glutamate delta-2 receptors to regulate long-term depression and motor coordination in mice (Kakegawa et al. 2011) . In humans, GRID2 is significantly associated with performance on a number of schizophrenialinked candidate endophenotypes, including PPI, eventrelated potential sensory gating, and neurocognitive measures; these associations were confirmed in bootstrap total significance test analyses (Greenwood et al. 2011 ) and replicated twice in separate samples of patients of European and African ancestry (Greenwood et al. 2012) . In fact, in our studies, GRID2 displayed extensive pleiotropy, with significant associations to six endophenotypic measures (including PPI) in addition to the schizophrenia diagnosis.
While the distribution of delta-2 glutamate receptors in rat brain has not been studied extensively, at least moderate levels of grid2 expression in the rat NAC were detected both in our previous study (Shilling et al. 2008) and in the present sample. PPI is disrupted by NAC AMPA receptor activation, and blockade of NAC AMPA receptors prevents AMPHinduced PPI deficits (Wan and Swerdlow 1996) . Clearly, we cannot discern levels of regional AMPA activity based on levels of grid2 expression; however, one might hypothesize that relatively reduced PPI AMPH sensitivity in LE vs. SD rats-and even downstream differences in NAC DA signaling (Qu et al. 2009 ) -reflects differences in NAC AMPA activity that are related, directly or indirectly, to greater NAC grid2 expression in LE rats.
nrg1 Expression levels of nrg1 in the NAC correlated significantly (negatively) with 120 ms PPI AMPH sensitivity, while levels of nrg1 in the VH correlated significantly with AMPH sensitivity for both 30 ms PPI (negatively) and startle magnitude (positively). The potential relationships between nrg1 expression in the NAC and VH to these two PPI phenotypes are particularly interesting, given the significant association of neuregulin and related genes with both schizophrenia and PPI (Stefansson et al. 2002; Greenwood et al. 2011 Greenwood et al. , 2012 . A recent report described reduced PPI in female, but not male, NRG1 hypomorphic Fisher rats at unspecified prepulse intervals (Taylor et al. 2011) , suggesting sex-specific effects of type II nrg1 expression on basal PPI levels in rats.
comt The present findings with comt expression in rats do not "translate" neatly to findings in humans. For example, averaging across all brain regions and prepulse intervals, we found a significant-albeit modest (p <0.035)-positive correlation between post-vehicle PPI levels and comt expression in the full sample of SD and LE rats while, in humans, an apparent negative relationship exists between PPI levels and COMT activity (Roussos et al. 2008) . Possible explanations for this cross-species difference are discussed in the Electronic supplementary materials. However, these findings highlight a larger issue underlying this study: what relationship, if any, might patterns of gene expression in rat brain have to gene association findings in humans? Evidence that a particular phenotype is associated with higher or lower levels of comt (or other gene) expression does not necessarily help us understand an association of that phenotype with the COMT gene or a COMT SNP. Higher levels of gene expression are suggestive of higher levels of protein expression and activity; we are presently confirming this relationship with comt in SD and LE rats (studies in progress), but our past studies demonstrated not only higher NAC comt expression in LE vs. SD rats, but also higher levels of basal NAC and mPFC DA turnover in LE vs. SD rats (Swerdlow et al. 2005 ) (despite the posited limited role of comt in NAC DA metabolism). Similarly, particular SNPs (e.g., COMT Val158Met) are also associated with higher levels of protein activity.
Thus, with specific genes-comt being one of them-a particular phenotype resulting from a change in protein expression or activity might be generated by either one of two putatively independent processes: (1) an event that alters levels of gene expression, or (2) the presence of a particular SNP. Of course, the first of these two events might also include the presence of a particular SNP within a promoter sequence, thereby altering the regulation of gene expression. Interplay between specific SNPs and mRNA expression levels have been previously reported (e.g., Kao et al. 2010) . Li et al. (2010) described brain region-specific differences in comt expression across inbred mouse strains that was associated with DA-linked neurochemical and behavioral phenotypes-some of which were sex-specificreflecting the presence or absence of a single SINE element. Mice lacking this element produced mRNA with a long 3' UTR and had lower levels of comt coding exons in HPC but not NAC or PFC, while its presence resulted in a premature polyadenylation site and the generation of a short isoform and higher HPC levels of comt coding exons. SD vs. LE differences in comt expression in the present study were not brain region-specific, nor was the "downstream" phenotype sex-specific; nonetheless, it is conceivable that the observed strain differences in comt expression might reflect downstream variants analogous to those observed by Li et al. (2010) . Perhaps more importantly, our observation that comt expression was highly intercorrelated with the expression of the three other genes in this study is consistent with the known influence of this enzyme across multiple transmitter systems and on the expression of genes involved in a wide range of neurobiological processes (Li et al. 2010) .
A more general issue to consider, as it relates to the current data, is what relationship, if any, exists between greater DAmediated PPI "disruptability" in rats and reduced PPI in schizophrenia patients. The disruption of PPI by DA agonists is not an isomorphic or homologous "model" of schizophrenia; to the degree that this disruption is prevented by antipsychotics, it appears to be a predictive model for antipsychotic potency in schizophrenia (r00.99; Swerdlow et al. 1994) . Nonetheless, one might reasonably speculate (and there is some evidence to support this (Swerdlow et al. 1995a; Bitsios et al. 2005 Bitsios et al. , 2006 Golimbet et al. 2007; Talledo et al. 2009 )) that PPI in humans fluctuates with levels of forebrain DA activity, and furthermore, that the degree to which increased forebrain DA activity disrupts PPI in any individual might: (1) be regulated by genetically programmed forebrain circuit functions, and (2) be a risk factor for the sustained loss of PPI under converging influences of stress and/or other "risk" genes. In this way, the molecular basis for PPI disruptability in response to exogenously stimulated DA activity in rats might "model" the molecular basis for vulnerability to an endogenous DA-mediated reduction in PPI in humans. To the degree that such vulnerability might contribute to the risk of developing psychopathology, we would predict that the mechanisms responsible for this risk might be tested using the present model. In summary, rat strains differing in their sensitivity to the PPI-disruptive effects of DA agonists and in DA signaling mechanisms that regulate this sensitivity also differ in the expression levels of four PPI-and schizophrenia-linked genes, within three PPI-and schizophrenia-linked brain regions. Within each brain region, expression of the four genes was highly correlated. PPI AMPH sensitivity correlated significantly with levels of nrg1 expression in the NAC and VH. Structural equation modeling suggests that the latent factor of the NAC was significantly (and negatively) associated with PPI AMPH sensitivity at 120-ms intervals.
